Aps-1 encodes acid phosphatase-1, one of the many acid phosphatases present in tomato (Lycopersicon esculentum Mill. 
Apases2 belong to a broad group of enzymes that catalyze the hydrolysis of inorganic phosphate from phosphomonoesters at low pH. Apases are ubiquitous in nature and activity has been reported in a wide range of plants (1, 8, 12, 16 (13) . Plants guished by their electrophoretic mobility and/or other properties (23, 24) . A 57 kD Apase is induced by phosphate deprivation and secreted by suspension culture cells into the medium (13) . Two other acid phosphatase isozymes, Apase-1 and Apase-2, have been mapped to genetic loci, Aps-l and Aps-2, respectively (24) . Two alleles ofAps-l, designated Aps-I' and Aps-l', are found in domestic tomato. The encoded proteins, Apase-1+ and Apase-1' are separated by starch gel or cellulose acetate electrophoresis (6) . Apase-1 is the electrophoretic form commonly found in the cultivated tomato, Lycopersicon esculentum. Apase-' is a variant found in the wild species Lycopersicon peruvianum and in many tomato lines that carry Mi, a gene conferring resistance to root-knot nematodes (24) . The corresponding allele, Aps-l', was introduced into cultivated tomato with Mi when this resistance gene was introduced from the wild species L. peruvianum (26) . Aps-] and Mi are tightly linked (less than 0.89 recombination units apart) on chromosome 6 (21) . The tight linkage of Aps-l to Mi has made Aps-] an obvious starting point for chromosome walking to the nematode resistance gene, Mi. Studies on the localization and regulation of phosphatases are hampered by the inability to distinguish all species. However, because of its distinctive electrophoretic mobility, such analyses of tomato Apase-1 expression have been possible. Activity of Apase-1 is developmentally regulated (21) , i.e. activity is relatively high in leaflets, hypocotyl tissue, and apical meristems of young plants but is absent in dry or germinating seed, cotyledons, leaf petioles, petals, anthers, and mature fruits (21) . Activity increases in root tips of both resistant and susceptible tomato plants after root-knot nematode infection (K. Lambert and V.M. Williamson, unpublished results). Apase-1 activity is not induced by phosphate deprivation and is not secreted into the medium by suspension culture cells (V.M. Williamson, unpublished observation). The Apase-1 protein, a dimer of about 51,000 D, has been purified from tomato cell suspension culture and some of its properties were determined (23) . The enzyme has a very low pH optimum for activity, pH 3.5 to 4.0, compared with Apases isolated from tomato fruit or other plant species. It also has a distinct substrate specificity, preferring sugar phosphates to ATP as substrate.
We report here the cloning and characterization of cDNA and genomic clones of Aps-l'. Isolation (23) .
Tomato cell suspension cultures were propagated as previously described (23) loaded onto a 1.5 x 40 cm phenyl-Sepharose CL-4B (Pharmacia) column equilibrated with 1 M (NH4)2SO4. The column was washed with one column volume of 600 mM (NH4)2SO4, 50 mM Tris-HCl, pH 7.6, followed by one column volume of 450 mM (NH4)2SO4, 50 mM Tris-HCl, pH 7.6. Apase-1 was eluted by applying 350 mM (NH4)2SO4 in 50 mm Tris-HCl, pH 7.6. Fractions with activity were pooled and dialyzed against 25 mM Tris-HCl, pH 7.6, containing 0.1% Triton X-100. Ampholytes Bio-Lyte 3/5 and Bio-Lyte 4/6 (both obtained from Bio-Rad) were added to a final concentration of 1% (w/v) each in a 40 mL volume. Proteins were separated for 3.5 h at 12 W in a Rotophor preparative isoelectric focusing apparatus (Bio-Rad). Fractions with Apase-1 activity were pooled and dialyzed against 50 mM Tris-HCl, pH 7.6, and applied to a 3 mL Bio-Gel HTP (Bio-Rad) column equilibrated in 50 mM Tris-HCl, pH 7.6. The column was washed with two column volumes of 20 mm sodium phosphate, 50 mM Tris-HCl, pH 7.6, and eluted with 30 mM sodium phosphate, 50 mM Tris-HCl, pH 7.6. Fractions with activity were pooled and dialyzed against 50 mm Tris-HCl, pH 7.6. The sample was applied to a 12 mL Sepharose-Q ion exchange column and eluted in a 0 to 300 mm NaCl gradient in 50 mM Tris-HCl, pH 7.6. Fractions containing activity were pooled, then dialyzed against 25 mM ammonium bicarbonate, and lyophilized.
Amino Acid Sequence Analysis
Apase-1 was cleaved with endoproteinase Lys-C (Boehringer-Mannheim) or cyanogen bromide (Sigma) to obtain peptides for sequence analysis. For the endoproteinase digestion, 7.5 to 10 mg of Apase-I was resuspended in 60 mL of 25 mM Tris-HCl, pH 8.5, 1 mm EDTA, 0.2% SDS, then denatured by boiling 10 min. Lys-C (330 ng in 70 mL of 25 mm Tris-HCI, pH 8.5, 1 mm EDTA) was added and the mixture was incubated 4 h at 25°C. The digested Apase-1 was lyophilized and resuspended in 50 mL Laemmli sample buffer (17) with the SDS reduced to 1.75% (w/v) and 2-mercaptoethanol freshly added to a 0.25% (v/v) final concentration. For the cyanogen bromide cleavage, approximately 20 ,g of purified protein was treated as described by Gross (14) .
Peptides were denatured by boiling for 7 min and separated on a 1 mm thick, 15% SDS-polyacrylamide minigel (BioRad) prepared using the solutions of Laemmli (17) at 40 mA. Electrophoretically resolved peptides were electroblotted onto Immobilon P PVDF membrane (Millipore) and stained with Coomassie brilliant blue according to Matsudaira ( 19) (20) to a specific activity of 1.2 x 108 cpm/,ug and added to the prehybridization solution to a final concentration of 2 x 106 cpm/mL. Membranes were incubated for 48 h at 42°C and then washed (final wash, 0.5x SSPE, 0.1I% SDS, at 41 C). The filters were exposed to Kodak XAR-2 film with intensifying screen at -80°C for 16 h. Putative positive plaques were picked and subjected to two additional rounds of screening using the oligodeoxyribonucleotide probe described above.
The genomic DNA library in X phage Charon 35 was plated using E. coli KH802 as host on 150 mm Petri dishes of LBM. After alkaline denaturation, neutralization, and incubation for 2 h at 80°C under vacuum, the filters were prehybridized in 5x SSPE, 5x Denhardt's reagent (10) , 0.1% SDS, 50%
formamide, and 100 ,ug/mL sheared, denatured herring testes DNA for 4 h at 42°C. The cDNA used as a probe was excised from Seaplaque low melt agarose gel (FMC BioProducts), melted, and labeled using random hexamers (1 1). The probe, with specific activity of 1 x 109 cpm/gg insert, was added to the prehybridization solution at 1 x 106 cpm/mL. After 16 h of hybridization at 42°C, the blots were washed (final wash, 0.5x SSPE, 0.1% SDS at 58°C). The filters were exposed to Kodak XAR-2 film with intensifying screen at -80°C for 14 h. Putative positives were purified by repeating the above procedure for two addition rounds using the same probe. The tomato cDNA library constructed in plasmid pARC7 and propagated in E. coli DH5a was spread onto 150 mm Petri dishes of LBM with 100 jig/mL ampicillin. Plates were incubated at 370C for 5 h, then colonies were lifted onto Nytran membranes, which were placed colony-side up onto LBM + ampicillin plates and incubated for 15 h at 370C. A second membrane was wetted in 2x SSPE, blotted dry, and placed onto the first membrane. Both membranes were placed between two pieces ofWhatman 3MM filter paper and pressed between two glass plates. The filter paper was sprinkled with water and, together with the membranes, placed in foil and autoclaved for 5 min, baked 30 min, and washed twice in 2x SSPE, 1% SDS. Colonies were screened using duplicate membranes to reduce false positives. The membranes were prehybridized, hybridized, and washed to the same final stringency as discussed for the genomic library screen.
Subcloning and Sequencing
Enzymes for subcloning and sequencing were purchased from Promega unless otherwise indicated. Nucleotides and random hexamer primers were purchased from Pharmacia. (23) . Our analysis revealed that Apase-1 is a minor constituent of the total acid phosphatase activity present in tomato. We found that Apase-I activity was released from suspension culture cells after incubation in an extraction buffer containing sodium acetate and Triton X-100, eliminating the need for cell disruption. In this and other regards, the purification procedure reported here differs substantially from that previously reported (23) and includes, after the chromatographic separations, a preparative isoelectric focusing step. Apase-activity was recovered at pH 4.5 to 4.8, indicating that the protein was acidic. The purified protein was present as a single, major band after SDS-PAGE (Fig. IA) . The procedure resulted in 300 ,g of purified Apase-1, corresponding to a yield of 50 ,g/L of suspension culture.
Attempts to determine the amino-terminal sequence of purified Apase-resulted in the peptide sequence shown in Figure B . The amino acid yields from the sequence analysis were approximately 5% of the levels expected, suggesting that the amino-terminus of most molecules ofApase-l is modified. Coomassie brilliant blue-stained bands representing the Lys-C digestion products, peptides G and H (Fig. IA) , and cyanogen bromide cleavage products, peptides BB and CC, gave the other amino acid sequences shown in Figure 1 B.
Isolation of cDNA and Genomic DNA Clones
Long, synthetic oligodeoxyribonucleotide probes based on preferred codons for each amino acid in the target peptide sequence have been used successfully to clone a number of genes from complex genomes (29) . We used this strategy to screen available cDNA libraries for a clone corresponding to Aps-]. The peptide H sequence was used to derive the eightfold degenerate 53-deoxyribonucleotide probe (AP53) shown in Figure IC . The sequence of this probe was designed by selecting codons found to be most abundant in two tomato genes, chalcone synthase (22) and polygalacturonase (9) . This probe was used to screen a cDNA library of VFNT cherry tomato DNA in XgtIO. From a screen of approximately 3.5
x 105 plaques, 21 probe. These clones were divided into six groups after restriction digestion and cross-hybridization analysis.
Because Aps-l' is derived from the wild species, L. peruviantum, it was likely that the DNA fragment containing Aps-1 would display an RFLP when compared with that containing Aps-J+, the common tomato allele of Aps-1. DNA from a representative of each of the six groups of candidate clones was used to probe genomic blots of tomato DNA from four tomato varieties that differ in the Aps-] allele present. Of the six clones, only one, pAA2, containing an 0.5 kb insert, revealed an RFLP in these varieties. That RFLP correlated with the Aps-] allele (Fig. 2) . Four major bands were seen in each lane of the EcoRI-digested DNA shown in Figure 2 and one of these bands was dimorphic (a 3.0 kb band was seen in varieties with the Aps-l' allele and a 5.0 kb band was seen in varieties with the Aps-l+ allele). The most intense band on the Southern blot (approximately 3.5 kb in size) is not polymorphic, suggesting that pAA2 does not correspond to Aps-1, but has a sequence similar to that ofAps-]. This suggestion was confirmed by sequence analysis (see below).
pAA2 was used to probe a genomic DNA library of VFNT cherry tomato in X phage Charon 35. From a screen of approximately 4.2 x 105 plaques, five clones that hybridized to pAA2 were obtained. DNA from two of these clones, when digested with EcoRI, displayed a restriction fragment of 3.0 kb which hybridized to pAA2. This fragment corresponded in size to the Aps-l'-specific polymorphic band in the Southern blot of VFNT cherry tomato DNA. The restriction fragment map of the 15.5 kb insert in one of these clones, pGAP, is shown in Figure 3 . The other clone was similar in size but had slightly different end points (not shown).
pAA2 was also used to probe a plasmid cDNA library in pARC7 constructed from hypocotyl mRNA. Of approximately 3 x 105 total plaques screened, 23 hybridized to pAA2. Six colonies were isolated, and one, containing a plasmid designated pAp la, hybridized intensely to a Sau3A fragment of pGAP under stringent conditions. The cDNA insert in this clone was estimated to be 1.2 kb, long enough to encode a protein the size of the mature Aps-]. Another cDNA clone, designated pAplb, was obtained by rescreening the pARC7 pAA2 library with the pAp 1 a insert. pAp lb contained an insert of approximately the same length as that in pAp 1 a but lacked the BamHI restriction site of the pApla insert (see Fig. 3 ).
DNA Sequence Analysis
The nucleotide sequences of the inserts in pAA2, pAp 1 a, and pAp lb were determined. The entire sequence from both strands was determined, except for the 40 nucleotides preceding the polyadenylate tail of pAp 1 a and pAp lb where sequence was obtained on one strand only. The entire nucleotide sequence of pAp lb (Fig. 4) , excluding the polyadenylate tail, was 1072 nucleotides long and contained an open reading frame of 255 amino acids extending from the first ATG. The derived amino acid sequence from this open reading frame includes a sequence identical to that of peptide H, as well as sequences of the other peptides in Figure 1B , strongly supporting the identity of pAp lb as Aps-' cDNA.
The sequence of the insert in pAA2 was 469 nucleotides long and the open reading frame showed a high degree of similarity to that of Aps-1. However, the derived amino acid sequence was only 68% identical to peptide H, indicating that the pAA2 insert did not encode Apase-1, but rather a related protein. The short length of the pAA2 insert and the lack of an obvious initiation site near the 5' end of the cDNA indicated that pAA2 was not a full-length cDNA clone.
The cDNA clone pAp 1 a encoded 124 nucleotides of DNA excluding the polyadenylate tail. The 555 nucleotides of this sequence preceding the polyadenylate tail were identical to those of pAp lb. Upstream from this region, the two sequences diverged completely. Analysis of the pAp 1 a sequence showed no open reading frame extending through the region upstream ofthis point of divergence in any of the three reading registers. The lack of an open reading frame suggested that this cDNA clone might be a cloning artifact, or, alternatively, might contain an unspliced intron. To clarify its origin, a 3.2 kb Sacl fragment of the genomic clone pGAP containing homology to pAp 1 a (see Fig. 3 ) was subcloned into M13 and partially sequenced using primers that had been synthesized for the cDNA sequencing. The genomic fragment contained length clone ofAps-1. There is complete identity of the amino acid sequences determined from the Apase-1 peptides with the amino acid sequence deduced from clone pAplb. In addition, the RFLP pattern obtained using pApla as probe correlates exactly with the Aps-l allele present in 32 different plants, providing strong genetic evidence that pApla was derived from a transcript of Aps-].
The 1072 nucleotide sequence of the insert of pAplb (shown in Fig. 4 ) appears to represent most or all of the Aps-1 transcript. The first ATG, at nucleotide 137, is preceded by a stop codon in the same reading frame, implying that the entire coding region is represented. The sequence corresponding to the amino-terminus of the purified protein was 39 amino acids downstream from the first methionine, indicating that Apase-1 is processed. The processed amino-terminus, particularly the first 15 amino acid residues, is rich in hydrophobic residues as expected for a signal sequence. The calculated mol wt of the mature protein is 24,981.
Homology and Function
A computer search of amino acid sequence banks revealed no similarity of the Apase-1 sequence to any other Apase in the GCG protein data bases searched, even though these databases include acid phosphatase sequences from eight organisms, including animals, bacteria, and fungi. No other plant Apase sequences are present in the GCG database. Surprisingly, the sequence most similar to that encoded by Aps-l was a 28 kD soybean protein (18) . Alignment of the two sequences reveals a 44% identity in amino acid residues between the mature forms of the two proteins. The proteins are nearly identical in size of precursor and mature forms. The S28K protein and related proteins in soybean are abundant in soluble extracts of soybean seedling stems and accumulate to high levels (5% of soluble protein) in leaves (18, 27) . In contrast, based on their low representation in cDNA libraries, neither the Aps-] nor the AA2 sequence is highly expressed in tomato. The S28K protein and Apase-1 differ considerably in observed and deduced ionic charge: S28K is a basic protein (isoelectric point 8.6 [18] ); Apase-1 is acidic (calculated isoelectric point is 4.7 for the mature protein).
Although S28K and Apase-1 are related in sequence, it is not known whether they have any common function. It would be of interest to test the soybean protein for phosphatase activity.
The presence of a signal peptide and our ability to extract Apase-1 activity from suspension cells by bnref treatment with detergent and salt suggest that this enzyme may be associated with the cell wall, as is a portion of the S28K protein (18 (Fig. 2) , indicating that there are two or three related sequences in tomato. The pAA2 and Aps-] cDNAs are 83% identical in nucleotide sequence within the coding region but divergent in the 3' untranslated region. The high similarity (85% identity of predicted amino acid sequence) between Apase-1 and the partial sequence of AA2 suggests that AA2 may encode another acid phosphatase.
Walking to Mi
A major incentive for cloning Aps-l was its proximity to the nematode resistance gene Mi. One cloning strategy, chromosome walking, requires DNA markers located very close to the gene of interest. The 15 kb insert in the genomic clone pGAP that contains Aps-] provides a starting point for chromosome walking to Mi.
